Abstract: This paper presents the design of implantable electronics as a part of a system for prosthetic hand control. Purpose of the implant is the sensing of electrical signals originating from biological tissue and the actuation of the same, therefore closing the loop and allowing for an improved control of the prosthetic hand. The implant contains two integrated circuits for eight channel EMG monitoring and four channel stimulation, respectively. An on-board microcontroller allows for local pre-processing. All intracorporeal to extracorporeal communications are running through and are directed by the main processing platform. The external components of the control system include, in addition to the main processing and control platform, the inductive power transfer circuits and the pressure sensors for the sensory feedback. Different assembly and encapsulation options are taken into account for the implantable electronics and are unified in a single PCB design.
Introduction
Conventional prosthetic hands make use of surface EMG electrodes enabling active prosthetic mechatronic systems. However, these systems are typically limited to one or two degrees of freedom (DoF). EMG systems based on implantable detection schemes are able to realize higher number of DoF [1] . Nevertheless, even if such prosthetic systems can basically perform more complex tasks, the potential is limited by the partial absence of feedback and therefore control. A prosthetic hand's user can only react based on visual observation, an input not sufficient for advanced tasks like grasping pressure control. Research has shown [2] that neurostimulation can be used to provide additional feedback information to the user. Theranostic implants help to optimize treatments based on detection of specific vital parameters, which initiate a therapeutic action. For prosthetic hands such implants can provide an improved system control. Through neurostimulation a closed loop feedback can be realized. The feedback variable can be based on information from pressure or temperature sensors or from the intent of movement.
Considering the strain the implant is placing on the patient's body it is desirable to minimize its size. Monolithic system integration offers a considerable saving of implant area and size. Even if such solution results in an optimum considering the implant size, the system would offer only low or even non-flexibility compared to a solution based on discrete components. But a certain degree of flexibility is preferable, even more considering the experimental stage of the overall system. The electronic circuit and the board design of an implantable system will be presented. Main traits of the system are its adaptability through a modular design. A semi-rigid semiflexible PCB is developed. In their majority the components used for the design are based on Application Specific Standard Product (ASSP) components. The PCB can be assembled for RF or optical communication and fits a titan and silicone encapsulation. In order to achieve higher integration density two Application Specific Integrated Circuits (ASIC) were developed for area intensive circuit components. In the following sections the two ASIC designs and the implantable electronics will be presented. A conclusion is drawn in the final section. 
______

ASIC-design
For multichannel recording and stimulation, two ASICs were developed [3] . The choice of integration is based on the limited area available for the implant. Both ICs are implemented in a 180nm technology and are supplied by an internally regulated 1.8V supply voltage. The ASICs include an impedance measurement function for each electrode pair. Figure 1 shows simplified block level representations of the ASICs.
The EMG-ASIC includes eight parallel channels, which are synchronously sampled and time multiplexed to a single output channel. The analog frontend exhibits a band-pass characteristic from 2Hz to 1.1kHz. Each channel can be configured independently. The mid-band gain can be set from 50 to 5000 V/V with 15 available gain settings. DC signals are blocked and a 50/60Hz notch filter can be used to add power line interference suppression in the analog frontend. The input referred RMS noise is measured to be 1.7V. In Figure 2 the frequency response of the frontend is shown with activated 50Hz notch filter and a gain setting of 1200V/V. The two measured curves are for notch quality factors of 5 and 10. The stimulation-ASIC consists of four parallel channels, each of which can provide up to 500A stimulation current from a 15V supply. The step width of the current source is fixed to 1A. The maximum stimulation period can be set to 0.59s with an active phase up to 2.55ms and step width of 10s for the given reference clock frequency. A scheduler can be used to reduce peak currents by inserting delays and avoiding overlapping active phases. This application scenario is shown in Figure 3 . For this purpose, all stimulation channels have been activated and are configured with different period settings. In addition, the stimulation-ASIC contains auxiliary circuitry used for the power management of the implant. Figure 4 shows pictures of the two fabricated ASICs and in Table 1 important ASIC parameters are summarized.
PCB-design
In addition to the described ASICs the implant consists of a microcontroller, a communication unit, a power unit, an environment sensor and a voltage boost converter. A circuit overview is shown in Figure 5 .
As microcontroller the ATSAM4LS8 was chosen as a trade-off in power consumption and DSP functionality. This functionality is necessary and allows the pre-processing of the data. The microcontroller runs an open source real time operating system (RTOS) and handles multiple time critical tasks efficiently. The main tasks of the microcontroller include: digitalization of auxiliary and EMG signals, the control of the stimulation-ASIC and the interface to the communication unit. The analog to digital conversion is performed by the cyclic ADC which is part of the microcontroller and its digital output can be set to 8 or 12 bits. The time multiplexed EMG-channels are here separated back again to parallel outputs. Each channel is sampled with a frequency of 5.461kHz which is derivated from a quartz oscillator. The energy for the implant is supplied inductively.
The variation in power consumption of the implant is depending on the actual demand of the executed operations and is, therefore, a function of time. In order to deal with this dynamic consumption profile and avoid unnecessary energy loss or failure as well as to adopt to the orientation of the coils (e.g. misalignments), observation points in the power supply unit of the implant are needed. Therefore, internal states of the power supply unit, such as the voltage after rectification and the stabilized voltage, are used to enable a closed loop power management. For this purpose, the auxiliary circuitry integrated into the stimulation-ASIC is used to level shift these nodes to lower voltages and apply them to the inputs of the cyclic ADC. The communication unit is used for bidirectional communication with the nonimplantable main control and processing platform. It can either be an optical or a radio frequency component. The RF chip can operate with maximum data rates of 260kbit/s and is using the Medical Implant Communication Service (MICS) band. The infrared optical communication unit is designed to operate with data rates of 640kbit/s. The stimulation-ASIC gain can be set in a range from 50-5000V/V and the input referred rms noise has been found to be 1.7µV. The neurostimulator can deliver currents with up to ± 500µA amplitude and resolution of 1µA for four differential stimulation electrodes. The load impedances can take values up to 27k⌦ and the stimulation period can be up to 0.59s with an active phase of maximal 2.55ms and a time resolution of 10µs. After encapsulation of the PCB in a titan-silicone case further measurements in vivo are scheduled as a proof of concept of the system; as a feedback variable, pressure information recorded by the hand will be utilized.
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This work is supported by the Fraunhofer Leitprojekt " Theranostische Implantate" delivers bipolar current pulses to the biological tissue. The load seen by the output of the current stimulator can reach large values and it is, therefore, necessary to provide a high voltage supply for this ASIC. This high voltage supply is obtained by up-conversion from a stabilized 3V supply. For this purpose, a DC-DC boost converter is included on the PCB, which generates two supply voltages of 15V. For the maximum current amplitude setting (500μA) the stimulator-ASIC can function with load impedances of up to 27k. The hermeticity of the implant can periodically be monitored using the temperature and humidity sensor.
The electronic board of the implant is measuring 26.0mm×20.9mm×0.8mm. To achieve a small size of the implant special care was taken of the circuit board's physical design. The modular nature of the implant further amplified the need of a rigorous design. A single PCB design supports four different versions of the implant: two encapsulation alternatives, titan and silicone and two different assemblies for the communication unit. This places rigid constraints on space, localization and height of the components of the board. Mechanical CAD models, such as in Figure 6 , were early included in the design process taking into account the encapsulation volume which needs to fit the electronics and the energy storage. This allowed placement coordination of the board components and the optimized utilization of the implant volume.
The board was realized as a semi-rigid semi-flexible PCB design, shown in Figure 7 . The extensions on both ends of the implant are milled with a deep slit simplifying their removal. The debug-connector used for programming of the microcontroller and first operation of the implant needs to be removed before the PCB can be placed into the encapsulation. On the other end of the implant 35 lands are included on the board. They are connecting the inductor, the antenna and the electrodes to the implant electronics as well as providing an additional programming interface for the microcontroller. The land configuration is used for the variant of the implant with a silicone encapsulation. Due to the flexible substrate, the connector can be folded after soldering and fits into the housing. For the variant with a titan encapsulation, the same signals are accessed through drilled pads. Before placing the PCB into the titan housing part of the board which contains the above described land configuration needs to be removed.
Conclusion
An implantable electronic system was presented. Small board size and high modularity was achieved in a single design. On one hand, this can be attributed to the balanced partitioning of the system components in the design. Only special functions, which are area and performance critical, were integrated into custom designed ASICs. All other components were included as ASSPs. On the other hand, a close co-design of the electronical and mechanical system components was put extensively into practice, starting from the beginning of the design. Based on the experimental results, possible future steps for the implant can be the increase of integration level with a possible loss in flexibility or the addition of functionality for further optimization or generalization.
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